A thermotolerant photosynthetic bacterium NAT identified as Rhodobacter sphaeroides was isolated. When alginate-immobilized cells of strain NAT were used in high-temperature treatment of artificial sewage wastewater containing oil, the chemical oxygen demand (COD) decreased by 80% and 76% of the oil was removed after 96 h of treatment at 55 C. Lipase activity was observed in the culture.
Of the purple non-sulfur group of photosynthetic bacteria, the Rhodobacter group is applied in the treatments of food industry wastewater.
1) The advantages of photosynthetic bacterial treatment in the food industry is that the cells obtained can be recycled and used as food stock for fish and animals due to the superior cell components. 1) We have developed technologies by which organic wastewater containing oil, which is rather difficult to biodegrade, can be treated aerobically together with organic matter from restaurant wastewater, using immobilizing Rhodobacter sphaeroides S with agar (3.83 kg oil reduction/m 3 /d).
2)
Recently, relatively high-temperature wastewater is drained from food industries and restaurants to treatment plants. Once high-temperature wastewater flows into the treatment plant, treatment ability is damaged irreversibly. Hence a thermotorelant microorganism that can simultaneously treat oil and organic matter at high temperatures in the treatment plant is required in wastewater treatment. Photosynthetic bacteria, especially photosynthetic purple non-sulfur bacteria, have generally low thermotolerance as compared with cyanobacteria, and the latter sustain high treatment capability from 20 to 35 C. No photosynthetic bacteria have been found that can treat wastewater at more than 40 C, but we isolated a photosynthetic bacterium, strain NAT, that grows at over 45 C. In addition, strain NAT showed high growth ability in a range from 25 to 35 C, like R. sphaeroides S.
2) Hence, the feasibility of treatment of oil and the rapid treatment of oil using immobilized photosynthetic bacteria at high temperatures was investigated.
A newly isolated strain of NAT from soil at Kasetsart University (Bangkok, Thailand) was used. Isolation was carried out as in a previous paper.
3) NAT was finally selected as the one with the highest growth on plate culture at 45 C. A 1.5 liter roux bottle (1 liter GM medium 2) ) was used for pre-cultivation under static-light conditions (5 k lux, 80 mE/m 2 /s) with a tungsten bulb at 40 C for 2 d. 2) After cultivation, the cells were harvested and washed twice with sterilized deionized water by centrifugation (10;000 Â g (5,000 rpm), 15 min.). The dense cell suspension was prepared as OD 660 ¼ 10 (approximately 5 g dry cells/l) and used in cell immobilization and dense inoculation.
Two hundred ml of GM medium was put into a 500-ml reciprocal shaking flask and a dense cell suspension of NAT was inoculated with 1% (v/v). Cultivation was carried out for 4 d at 30 to 55 C under aerobic dark condition using a bio-shaker, BR-40LF (120 rpm, 7 cm amplitude) (Shimadzu, Kyoto Japan).
The aerobic growth of NAT at 30, 35, 45, 50, and 55 C was 3.25, 3.05, 2.55, 1.75, and 1.30 g dry cells/l respectively after 36 h. The optimum growth temperature was 30 C. Growth in a high-temperature range of 45 to 55 C was also found. NAT has thermotolerant growth ability. In photosynthetic bacteria except for cyanobacteria, growth at such high temperature has not been reported to date, even under photosynthetic anaerobic-light cultivation. In addition, NAT has a high specific growth rate ( ¼ 0:207/h, 30 C) compared y To whom correspondence should be addressed. Fax: +81-82-820-2560; E-mail: sasaki@hkg.ac.jp
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1,2)
NAT is Gram negative, coccus or ovoid (0:8{1:0 Â 1:2{1:5 mm). Its culture broth was red. Analysis of the 16S rDNA sequence revealed that NAT is closely related to R. sphaeroides, with 100% similarity to R. sphaeroides IFO 12203.
A pure-culture experiment was carried out to confirm the oil-degradation abilities of NAT strain. In cultivation, synthetic artificial wastewater that consisted mainly of glucose and peptone was used.
2) A commercial cooking oil (Nisshin Oil, Tokyo) a common salad oil in Japan, was added into the artificial sewage wastewater. A dense cell suspension was inoculated with 10% (v/v). Cultivation was carried out for 10 d at 45 C under aerobic dark conditions using a bio-shaker. Extracellular lipase activity and chemical oxygen demand (COD) were analyzed by JIS K0601, 4) and were analyzed following a previous report. 2) Profiles of lipase activity and n-hexane extracts of pure culture experiment are shown in Fig. 1 . In the control experiment, about 10% of the oil reduction in 8 d might have been caused by heat-conversion at 45 C. About 66% of the oil in the artificial sewage wastewater containing oil was removed in 8 d by the NAT strain. The results indicate that NAT can degrade oil under high temperature conditions. COD was also reduced simultaneously with n-hexane extract reduction (data not shown). Maximum lipase activity of 1.75 unit/ml was detected 1 d after the start of cultivation. This activity was relatively low compared with other oil-degrading bacteria such as Pseudomonas sp. ER-B1 5) and Lactococcus lactis subsp. cremoris JIM7022, 6) whose lipase activities were 18.6 unit/ml (25 C, 2 d) and 100 unit/ ml (30 C, 5 h), respectively, but it should be emphasized that lipase activity of photosynthetic bacteria under high temperatures has been reported to date. High concentrations of NAT cells were immobilized in alginate beads 2) for rapid treatment of artificial sewage wastewater containing oil at 45 C in practical applications. One bead, (diameter, 1 cm, average weight, 1.36 g) contained about 4.25 mg DCW of NAT cells. Alginate beads without NAT cells were also prepared as a control. The alginate beads were stable even at high temperatures (40 to 55 C). The beads were added to 1.7 liters of artificial wastewater with oil in a 5 liters bioreactor (MDL type, Marubishi, Tokyo) at concentrations of 0, 5, 15, 25, 50, and 75 g/l. The treatment conditions were as follows: 1.7 liters air/min (1.0 vvm) aeration, 45 C temperature, for 4 d of treatment and 100 rpm agitation so as to disperse oil homogenously in the reactor. Aeration was carried out without a sterile air filter for a real-life treatment situation. The pH level was controlled at 7:0 AE 0:1 using a pH controller. The phosphate (PO 4 3À ) was analyzed following a previous report.
2 ) The results of the batch treatment are shown in Table 1 . In all reactors, COD and oil decreased simultaneously. Especially, in the case of 50 g/l beads, 91.8% of the oil and about 95.8% of the COD were removed after 96 h. Strain NAT removed oil and COD more rapidly than R. sphaeroides did at 30 C (65% oil and 60% COD removal after 4 d). In addition, the oil removal rate with 50 g/l beads of immobilized NAT showed a maximum value of 975.0 mg of oil removal/l/d, more than 3 times higher than that by R. sphaeroides S (285.8 mg oil removal/l/d).
2) Besides, the NAT immobilized beads possessed COD and phosphate removal ability that attained 84.44% and 61.61% of maximum removal respectively after 2 d. In the control experiment (0 g/l), oil and COD decreased by about 46% and 39% respectively. This decrease was caused by heat-conversion and bacterial contamination in non-sterile, open experiments. The effects of temperature on oil treatment were investigated with 50 g/l of alginate beads at temperatures of 45, 50, 55, and 60 C. To investigate adsorption oil to the alginate beads themselves, cell-free alginate beads of 50 g/l were put into a sterilized flask with 200 ml of sterilized artificial sewage wastewater containing oil, and incubated with shaking at 45 C for 4 d. As shown in Table 2 , about 91%, 80%, and 76% of the oil were removed at 45, 50, and 55 C respectively after 96 h. The removal rates for COD of 93%, 87%, and 81%, at 45, 50, and 55 C respectively were also high. At 60 C, no removal of oil or COD was observed. Therefore, our method might be practically applicable for removal of oil, COD, and phosphate at 45-50 C. Oil adsorption by a single bead was about 3.6 to 4.2 mg oil on the bead surface. It was found that one cell-free alginate bead adsorbed about 3.6-4.2 mg of oil on its surface.
Oil and COD removal at high temperatures, ranging from 45 to 55 C, for photosynthetic bacteria have not been reported. In addition, the oil and COD removal rates for NAT-immobilized beads (50 g/l) were about 87% and 94% respectively after 96 h at 30
C. Therefore, these beads are quite applicable in rapid wastewater treatment over a wide range of temperatures in the wastewater treatment field. 
